Abstract -We propose and demonstrate through first-principles calculation a new spin-dependent negative differential resistance (NDR) mechanism in magnetic tunnel junctions (MTJ) with cubic cation disordered crystals (CCDC) AlOx or Mg1−xAlxO as barrier materials. The CCDC is a class of insulators whose band gap can be changed by cation doping. The gap becomes arched in an ultrathin layer due to the space charge formed from metal-induced gap states. With an appropriate combination of an arched gap and a bias voltage, NDR can be produced in either spin channel. This mechanism is applicable to 2D and 3D ultrathin junctions with a sufficiently small band gap that forms a large space charge. It provides a new way of controlling the spin-dependent transport in spintronic devices by an electric field. A generalized Simmons formula for tunneling current through junction with an arched gap is derived to show the general conditions under which ultrathin junctions may exhibit NDR.
Introduction. -Negative differential resistance (NDR) is one of the most important nonlinear electronic properties, as evident from the broad range of recent studies covering graphene-based ballistic field-effect transistor [1] , p-GaN/Mg-doped Al 0.15 Ga 0.85 N/n-GaN heterojunction [2] and single-layer MoS 2 with a tunable gate [3] . A vibronic mechanism for NDR was predicted in molecular junctions [4] . NDR is also predicted in salicylideneaniline molecular sandwiched devices [5] , quantum dots-based organic light-emitting diodes [6] and planar graphene nanoribbon break junctions [7] . Devices for generating NDR mostly use semiconductor diodes [8] [9] [10] and tunnel junctions [11, 12] , and are used in power amplifiers, oscillators, and in switching circuits. Popular NDR mechanisms mostly rely on bulk effects or require large space charge regions that present challenges for scaling the device down to the nanoscale. Additional challenges are to perform similar functions in 2D materials [13] [14] [15] [16] [17] and for spin currents in spintronics. Spin-dependent NDR was predicted for double barrier junctions [18] and for magnetic quantum well layers [19] , but the resonant condi-(a) E-mail:xfhan@iphy.ac.cn tions required for such effect are difficult to achieve. Spin blockade in quantum dots can also lead to NDR [20] .
In this paper, we show that ultrathin junctions with barriers about 1 nm in thickness can be exploited to produce NDR through a simple yet unexplored mechanism. When an insulator material has a small band gap, the metallic electronic states from electrodes can penetrate the barrier layer. This causes a space charge due to the metal-induced gap state (MIGS) [21] to build up in the barrier layer, which in turn produces an internal electric field. The resulting shifts of the effective band edges cause the band gap to become "arched" across the thickness of the barrier. Such an arched band gap was experimentally observed in Fe/GaAs/Fe [22] . The arch makes the Fermi energy stay close to (or may even enter) either the conduction band or the valence band of the barrier at the interfaces with the electrodes. The effective barrier thickness at zero bias is therefore smaller than the nominal thickness. When a bias voltage is applied, at each interface the band edge is pinned at the corresponding electrochemical potential. As the bias is increased, while the effective barrier thickness continuously decreases, the effective barrier height for each tunneling state within the transport energy window p-1 varies in a nonlinear manner. With the right combination of the arched band gap and the applied bias, the current may decrease with the bias, leading to a NDR.
The traditional MgO barrier does not show any significant space charge region from either theoretical calculation [23] or experiments [24, 25] . The 9 eV MgO band gap is too large to allow a charge density from MIGS. The gap can be reduced by Zn or Al doping [26, 27] . Another material with a small and tunable band gap is γ-alumina, which can be considered as based on a spinel structure with substitutional vacancies replacing Al atoms. The spinel like Al 2 O 3 (100) film has been made experimentally and is stable under atmosphere [28] . Cubic spinel materials are shown to have ∆ 1 spin filter feature similar to MgO [27] . However the unit cell of an ordered spinel with two types of cations is double that of MgO, which causes the ∆ 1 band to be folded such that minority spin channel has ∆ 1 electrons at the fermi energy, diminishing the spin filtering effect [29] . Cation disordered crystals, in which the cation sites are substitutionally disordered, maintain the cubic symmetry in the smaller unit cell thus avoiding the band folding problem. [29] Therefore, we will consider materials made from random substitutions of Mg atoms in MgO by Zn or Al atoms, and of Al atoms in AlO (in the structure of MgO) by vacancies, as illustrated in Fig. 1 . For the latter to have the stoichiometry of Al 2 O 3 , one third of the Al atoms are randomly replaced by vacancies. For brevity, in the rest of the paper we will use generic names AlO, MgAlO, and MgZnO to refer to the respective CCDC materials. Models and method. -The first-principles band structure and transport calculations use the LayerKorringa-Kohn-Rostoker (LKKR) code [31] employing the density functional theory (DFT) with the local spin density approximation [32] and the Landauer transport formula [33] . Substitutional disorder due to vacancies in AlO as well as Al and Zn doping in MgAlO and MgZnO is treated with the coherent-potential-approximation (CPA) [34] . The lattice parameter of the bcc Fe is set to the experimental bulk value of 2.866Å. The distances between the interface Fe layer and the first CCDC layer and between the CCDC layers are set to the same values as in the MgO based MTJ, at 2.163Å and 2.210Å, respectively. The ratio between the radii of the O atom and of the cation atoms and the vacancy under the atomic sphere approximation (ASA) is set to be the same as that between O and Mg in the MgO structure in earlier works [23, 26] .
The space charge in the barrier layer is calculated using the MIGS model, in which we assume that the space charge density is formed from the exponentially decaying electron wave functions within the band gap, in the form
] is the local decay rate of the wave function determined from the first-principles complex band structure of the material as described below, U (z) is the local electrostatic potential, and z is the direction perpendicular to the junction plane. Using these wave functions we find,
where E v is the valence band edge, d is the thickness of the barrier, and ρ L(R) provide the boundary conditions at the two interfaces for the charge. The oscillatory cosine term is added to account for charge oscillations in the barrier layer that appear in the first-principles calculations for some of the junctions and is not intrinsic to the MIGS model. The parameters k r and δ are fitted from first-principles results. For each atomic layer in the barrier, the ∆ 1 complex band at energy E has an imaginary part κ(E) along the (001) direction. This is extracted from the first-principles complex band structure calculation. Within the WKB approximation, the Schrödinger equation can be written as
where κ is now also a function of E − eU (z). The differential equation for the effective local decay rate κ[E − eU (z)] can be derived as,
where κ(E) is given by the two-band effective mass model for a homogeneous band gap [23] ,
with E c , m c , and m v being the conduction band edge and effective masses of the conduction and valence bands, respectively.
p-2
In addition to the space charge from the MIGS, other contributions to the electrostatic potential come from a constant surface charge σ on the electrodes, the electrostatic potential shift U dp (z) due to the dipole moment of each layer, and an uncompensated net charge due to the deviation from stoichiometry. The last contribution arises from cation doping (or vacancies) in the barrier layer. In experimental samples, such doping may not always reach stoichiometry. When there is a deviation, charge is injected from the electrodes into the barrier layer in order to pin either the top of the valence band or the bottom of the conduction band at the Fermi energy of the electrodes. We assume a uniformly distributed ρ bg to account for this charge. The electrostatic potential U (z) is,
with the boundary conditions
where E F is the Fermi energy at zero bias. Eqs. (1) through (4) are solved simultaneously to yield ρ(z) and U (z) for each junction at each bias voltage. At zero bias ρ(z) and U (z) from the MIGS model are in perfect agreement with the selfconsistent first-principles results for all junctions considered, validating the model.
The sheet conductance is calculated from the transmission probability [31] ,
as the electrochemical potential of the left (right) lead, the currentvoltage (I-V ) curves are calculated by shifting the electrostatic potential of the two electrodes by ±eV /2 respectively, and that of the barrier region using the result from Eq. (4) under the bias boundary conditions. Neglecting vertex corrections from impurity scattering, the current density is given by,
where A is the area of the junction, and a two-dimensional wave vector k and the energy parameter E are used to describe a Bloch state. This is a non-self-consistent approximation accurate for low to moderate voltages [35] .
Results and discussion. -
Metal-induced gap states.
Charge transfer occurs at the interface between a metal and a semiconductor or insulator in order to ensure that the fermi level is matched across the interface. In an ultrathin junction the MIGS are formed from the evanescent electron wave functions that match continuously to the Bloch wave functions on the metal side. In the MTJs with bcc-Fe(001) as electrode, the main contribution of the barrier charge is from the slowest decaying MIGS with the ∆ 1 symmetry. The decay rates are determined by the complex bands in the gap of the barrier materials, which for MgO and Al 2 O 3 are Smaller band gaps tend to allow more MIGS charge leading to more arching. Comparing to the calculated 4.37 eV gap for MgO, the gap for Al 2 O 3 is 2.33 eV. Both numbers are lower than the DFT band gap for bulk materials [36] because they are calculated using the potentials and the lattice parameters of the middle layer in the MTJ. Nonetheless, the trend that Al 2 O 3 has a much smaller band gap than MgO is still valid. We also look for good ∆ 1 symmetry filtering for a strong spin-dependent effect. Since both MgO and Al 2 O 3 produce the smallest imaginary part for the ∆ 1 bands at the electrode Fermi energy, both have good ∆ 1 filtering. We find that most of the CCDC materials have similar complex band structure to MgO and show good ∆ 1 filtering.
In Fig. 2 we show the layer-by-layer distribution of the MIGS charge and the local magnetic moment in the Al 1−x O MTJs with different distributions of the cation site vacancies. In Figs. 2(a) and (b) , the cation sites vacancies are distributed and varied uniformly in the barrier region. When x ≈ 1/3 in Al 1−x O (stoichiometry of Al 2 O 3 ), the barrier layers are significantly charged. When x deviates from 33% by more than 5%, the Fermi level moves outside of the gap and the strong screening of the charge at the interface causes the middle part of the barrier to become charge neutral. In a real junction, the vacancy concentra-tion is often different at the interfaces than in the middle of the barrier region. This situation is considered in Fig.  2 (c) , where the concentration of the cation site vacancy is kept at a constant of x = 1/3 for all layers except a single interface layer, where x is varied. The interface layer goes from negatively charged to positively charged reflecting the change of the electron affinity. The magnetic moment has little dependence on the cation sites vacancy concentration, as shown in Fig. 2 (b) and (d Arched band gap under finite bias. We first present the band gap values at zero bias as a reference. In Fig. 3(a) we plot the band gap, extracted from the complex band calculations, as a function of doping (or vacancy) concentration, for the three CCDC materials Al Fig. 3(b-d) . In these figures we plot the effective conduction and valence band edges with the ∆ 1 symmetry relative to the Fermi energy. The effective band edges are extracted for each atomic layer using its Kohn-Sham potential to form a bulk structure and calculating the corresponding complex band structure. The arched shape reflects a large internal electric field arising from the space charge within the barrier and is consistent with the DOS and charge distribution results presented above. In 
Spin-dependent negative differential resistance.
The calculated transmission probability for an Fe/Al 2 O 3 /Fe MTJ with (bottom row) and without (top row) bias voltage is plotted in Fig. 5 . In this figure we show the transmission at the Fermi energy as a function of k x , k y ) in the two-dimensional reciprocal space for majority to majority (Fig. 5(a) and (e)), majority to minority (Fig. 5(b) and (f)), minority to majority (Fig. 5(c) and (g) ) and minority to minority (Fig. 5(d) and (h) ) spin channels. The strong spin-dependence of the tunneling conductance arises from the dominant majority to majority channel transmission concentrated at theΓ point. This is a common behavior of almost all CCDC based MTJs. Increasing the thickness of the barrier tends to suppress NDR, as shown in Fig. 6(a) and (c) . This results from the exponential decay of the MIGS charge in the barrier. Thus a large effect requires a thin barrier. This is in sharp contrast to the conventional approach of using a ferroelectric tunnel junction (FTJ) to change the band gap and tune its transport properties, where an electroresistance is produced by switching the polarization direction of the ferroelectric layer [37] [38] [39] and the effect is limited by a minimal critical thickness of the layer [40] .
Generalized Simmons formula for arched band gap. Next we derive a generalized Simmons formula for a junction with an arched band gap. We invoke the WKB approximation for Eq. (5),
where S = 2 √ 2m/h = 10.25 eV −1/2 nm −1 and eU (z) is assumed to have a simple form for an arched barrier,
with µ L pinned at the conduction band edge at the left interface, φ 0 being the effective barrier height measured from the valence band edge at the right interface under zero bias, and a as a constant. A typical U (z) is plotted in Fig. 7(a) . Defining φ ± = φ 0 ± Summary. -In summary, spin-dependent NDR is predicted in MTJs containing CCDC barrier layers of AlO x and Mg 1−x Al x O by first principle calculation with MIGS model. Theoretical calculation also predicts the absence of NDR in Mg 1−x Zn x O due to its larger band gap. A general mechanism for producing NDR in ultrathin junctions without requiring magnetism is proposed for arched barriers. The strong spin dependence of the NDR can be exploited for spin current amplification in devices or other spintronic devices, where when an ac signal is applied on top of a dc bias set to the NDR voltage, the ac amplitude of the spin channel with NDR will gain by r/(r − R) with R being the circuit resistance and −r being the slope of the NDR part of the I-V curve. This work also provides a possible qualitative explanation for NDR observed in bilayer graphene [17] . In this case a small gap of 0.14 eV is opened at the Dirac point (E D ) due to the built-in electric field from the SiC substrate. * * *
